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The general features of the genetic code are described. It is considered that
originally only & few amino acids were coded, but that most of the possible codons
were fairly soon brought into use. In subsequent steps additional amino acids
were substituted when they were able to confer a selective advantage, until even-
tually the code became frozen in its present form.

Introduction

The substance of this paper was originally presented at a meeting of the British
Biophysical Society in London on 20 December 1966.

A very brief account appeared shortly after in a letter to Nature (Crick, 1967a).
When this manuscript was in its first draft, Dr Leslie Orgel told me that he had
already prepared a draft of a paper on a related theme. We therefore decided to
publish our two papers together and have collated them to some extent to avoid
overlap. We have not done this for all passages in the two papers which touch on
the same topie, preferring on occasions to let our slightly different points of view be
expressed as differences in treatment and emphasis. However, broadly speaking,
each of us agrees with the opinion expressed by the other.

Since this paper was originally drafted a very full discussion has appeared in
Woese’s book The Genetic Code, which should be consulted for a fuller discussion of
many of the points touched on here.

The Structure of the Present Genetic Code

The structure of the genetic code is now fairly well known. The code is a non-
overlapping triplet code. Most, but not all, of the 64 triplets stand for one or another
of the 20 amino acids and, in most cases, each amino acid is represented by more
than one codon. The best present version of the code is shown in Table 1. This is
taken from the 1966 Cold Spring Harbor Symposium on The Genetic Code, to which
the reader is referred as a source of references for many of the topics discussed here.

Before starting on a detailed examination of this Table a few words of caution are
necessary Although the code shown there has been mainly derived from studies on
Escherichia coli, it must be very similar in such widely different organisms as tobacco
plants and man. In what follows I shall assume, for convenience of exposition, that
it is identical in all organisms, which is very far from being proved. In fact, it is
probably untrue for the starting codons.
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TABLE 1
The genetic code

Lst 12“‘1 U c A G l 3rd
———— .

PHE SER TYR cYs U

- PHE SER TYR cYs c
LEU SER Ochre ? A

LEU SER Amber TRP G

LEU PRO HIS ARG U

o LEU PRO HIS ARG c
LEU PRO GLN . ARG A

LEU PRO GLN ARG G

ILE THR ASN SER U

A ILE THR ASN SER C
ILE THR LYS ARG A

MET THR LYS ARG G

VAL ALA ASP GLY U

G VAL ALA ASP GLY C
VAL ALA GLU GLY A

VAL ALA GLU GLY G

This Table shows the ‘‘best allocations” of the 64 codons at the time of the Symposium. Some
of these allocations are less certain than others. The two codons marked ochre and amber are
believed to signal the termination of the polypeptide chain. The codons suspected of being con-
cerned with chain initiation are not indicated here.

Again the function of the three presumed “nonsense” triplets is not known for
certain. It is presumed that UAA (ochre) and UAG (amber) are signals for chain
termination and probably UGA as well, at least in bacteria.

In E. coli there appears to be a special mechanism for initiating the polypeptide
chain, involving formylmethionine and the codons AUG and GUG. The mechanism
in higher organisms (if indeed a special one exists) is unknown.

Finally, it is uncertain whether there are ambiguous codons; that is, codons which
represent more than one amino acid. Of course, it is known that mutations can produce
errors in the translation mechanism and so make certain codons ambiguous, but it is
not known whether ambiguity occurs “normally”. Again in what follows I shall
assume that this is not usually the case for present-day organisms.

The basic reason why one can ignore these complications and uncertainties for the
moment is that the broad features of the genetic code are not likely to be greatly
affected by them. What, then, are the properties of the code which require explana-
tion ? '

There are some features which are of such a general type that they do not depend
at all upon the details of the code.

They are:

(1) there are 4 distinet bases in the mRNA,

(2) each codon is a triplet of bases,

(3) only 20 of the numerous possible amino acids are used.

In examining Table 1, however, one is apt to take all these characteristics for granted.
What, then, is special about the actual details of the genetic code?
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The main features, which have frequently been commented on, are:
(4) The 20 amino acids are not distributed at random among the 64 triplets.
In fact, several rules can easily be deduced from the Table. For example,

(8) XYU and XYC always code the same amino acid.

(b) XYA and XY@ often code the same amino acid. The rare amino acids,
methionine and tryptophan, which have only one codon each, appear to
be exceptions to this rule.

(¢) In half the cases (8 out of 16) XY represents a single amino acid, where
the - implies that all four bases are possible.

(d) In most cases the codons representing a single amino acid start with the
same pair of bases. Thus the two codons for histidine both start with CA.
There are three exceptions to this:

Leucine has CU- and UUS.
Serine has UC- and AGY.
Arginine has CG- and AGA.

(e) If the first two bases consist only of G’s and C’s, then the four codons
sharing the same initial doublet all code the same amino acid. That is, the
meaning of these codons is independent of the third base. This is in fact
true for all codons having C in the second position. More complicated rules
along these lines can be produced for the remaxmng codons but they seem
to me to be rather forced.

(5) Even allowing for the grouping of codons into sets, the amino acids do not seem
to be allocated in a totally random way. For example, all codons with U in the second
place code for hydrophobic amino acids. The basic and acidic amino acids are all
grouped near together towards the bottom right-hand side of Table 1. Phenylalanine,
tyrosine and tryptophan all have codons starting with U, and so on. It is very difficult
not to imagine regularities in even a random grouping but nevertheless the general
impression is that “‘related” amino acids have to some extent related codons (Epstein,
1966).

(6) The code is universal (the same in all organisms) or nearly so.

Why is the Code Universal?

Two extreme theories may be described to account for this, though, as we shall
see, many intermediate theories are also possible.

The Stereochemical Theory

This theory states that the code is universal because it is necessarily the way it is
for stereochemical reasons. Woese has been the main proponent of this point of view
(see Woese, 1967). That is, it states that phenylalanine kas to be represented by UU,
and by no other triplets, because in some way phenylalanine is stereochemically
“related” to these two codons. There are several versions of this theory. We shall
examine these shortly when we come to consider the experimental evidence for them.

The Frozen Accident Theory
This theory states that the code is universal because at the present time any change
would be lethal, or at least very strongly selected against. This is because in all organ-
isms (with the possible exception of certain viruses) the code determines (by reading

































